INTRODUCTION
============

Inflammation is broadly defined as a local response to infection or injury that aims to restore homeostasis.^[@bib1]^ The purpose of the inflammatory response is distinct in these two situations. In infection, inflammation primarily aims to eradicate the microbe and induce protective immunity, whereas inflammation triggered by sterile injury aims to limit the damage and facilitate tissue repair. Beyond a few examples (for example, induction of specific antimicrobial or tissue repair genes), the signaling mechanisms and inflammatory mediators that discriminate these two different types of inflammatory responses, and their consequences for immune function, are poorly understood. Macrophages and their pattern recognition receptors are key cellular and molecular sentinels for both types of immune insult.

One such pattern recognition receptor, the NOD-like receptor NLRP3, senses both pathogen- and host-derived danger signals.^[@bib2]^ NLRP3 function can be activated by a diverse range of live microbes (for example, influenza virus and bacteria such as *Staphylococcus aureus*) and microbial products^[@bib3]^ (for example, the bacterial toxin and potassium ionophore, nigericin), as well as an array of host-derived molecules released or generated during sterile injury, such as extracellular ATP released from damaged tissues and cholesterol crystals that deposit in atherosclerotic plaques.^[@bib4]^ How exactly all these different stimuli activate NLRP3 (presumably via a common downstream mediator^[@bib5]^) is an area of extensive research elsewhere. Regardless, upon activation, NLRP3 oligomerizes, triggering the assembly of a multimolecular signaling platform composed of NLRP3, the adapter ASC and the zymogen pro-caspase-1. Clustering of caspase-1 within the complex induces its activation, self-cleavage and its ability to process substrates such as interleukin (IL)-1β. The responding cell then often dies through caspase-1-directed osmotic lysis ('pyroptosis\'), which passively releases cytoplasmic proteins (alarmins) to alert neighboring cells.^[@bib2],\ [@bib3]^ Caspase-1 activation and cytokine release initiate an inflammatory response to recruit further phagocytes to the site of insult, and to activate the recruited cells to destroy invading microbes and remove dead cells and debris. In the case of tissue injury, additional factors are likely to be released to coordinate the repair of damaged tissue; the identity of such factors remains currently unknown. Inflammation wanes with the clearance of the insult, until homeostasis is restored. If however NLRP3 activation is prolonged or inappropriate, inflammatory disease can develop.

NLRP3 function is generally beneficial in antimicrobial defense, but pathological in several inherited auto-inflammatory diseases and acquired inflammatory diseases. For example, NLRP3 is critically required for antifungal defense against *Candida albicans*^[@bib6]^ and *Paracoccidioides brasiliensis*^[@bib7]^ *in vivo*. NLRP3 is also involved in the recognition of numerous bacterial pathogens,^[@bib8]^ including gram-negative species such as *Salmonella typhimurium*^[@bib9]^ and *Burkholderia pseudomallei*.^[@bib10]^ Conversely, gain-of-function NLRP3 mutations drive inherited auto-inflammatory diseases that are characterized by multi-organ inflammatory episodes, fevers and neutrophilia, collectively termed Cryopyrin-associated periodic fever syndromes.^[@bib11]^ In acquired inflammatory diseases, aberrant production of host-derived molecules trigger NLRP3-dependent pathology. For example, NLRP3 is activated by monosodium urate crystals,^[@bib12]^ islet amyloid polypeptide^[@bib13]^ and fibrillar amyloid-beta,^[@bib14],\ [@bib15]^ in gout, type 2 diabetes and Alzheimer\'s disease, respectively. The resultant production of IL-1β, and induction of cell lysis and consequent alarmin release, then drives pathological inflammation. Thus, in many such diseases, pharmacological blockade of IL-1β alleviates disease-associated pathology and genetic deletion of *Nlrp3* is protective.^[@bib12],\ [@bib15]^

*In vitro* NLRP3 function requires primary myeloid cells to receive two distinct signals in succession. Signal 1 is a 'priming\' signal that upregulates NLRP3 expression and also induces the expression of pro-IL-1β, which is not expressed in resting myeloid cells. Microbial molecules (for example, bacterial lipopolysaccharide (LPS)) or host cytokines (for example, tumor necrosis factor (TNF), which is locally released at sites of tissue damage)^[@bib16],\ [@bib17]^ can function as signal 1 in this context, but most experimental protocols use LPS as a priming signal. Signal 2 is an activating signal and triggers the assembly of the NLRP3 inflammasome. Similar to signal 1, signal 2 can be derived from either the microbe (for example, the bacterial toxin, nigericin) or the host (for example, extracellular ATP). Whole microbes themselves often provide both signal 1 and signal 2, and likewise, tissue damage often generates the concurrent release of cytokines and alarmins that can serve as sterile signals 1 and 2.^[@bib18]^

A common feature of inflammasome-priming signals is that they activate the NF-κB pathway to upregulate NLRP3 and pro-IL-1β expression.^[@bib17]^ Consistent with this, mice deficient in the negative regulator of NF-κB, A20, exhibit overactive NLRP3 signaling and develop NLRP3-dependent inflammatory diseases (for example, arthritis^[@bib19],\ [@bib20]^). Toll-like receptor and C-type lectin receptor agonists activate NF-κB and prime the NLRP3 inflammasome.^[@bib6],\ [@bib17],\ [@bib21],\ [@bib22]^ Among the signals associated with sterile inflammation (for example, RANKL, FasL), many can activate the NF-κB pathway, but only some (for example, TNF, IL-1α, IL-1β) appear able to prime the NLRP3 inflammasome.^[@bib16],\ [@bib23],\ [@bib24]^ Of these, TNF appears to be the most potent priming stimulus for myeloid cell NLRP3 responses, and TNF is chronically elevated in many sterile inflammatory diseases whose pathology is worsened by uncontrolled NLRP3 inflammasome activation (for example, arthritis^[@bib25]^ and metabolic syndrome^[@bib26]^).

Although the ability of sterile injury signals (for example, extracellular ATP, necrotic cells and hyaluronan) to activate the NLRP3 inflammasome is well established, surprisingly, a direct side-by-side comparison of NLRP3 inflammasome responses to microbial versus sterile priming and activating signals is not yet reported. In fact, very few reports have studied NLRP3 responses in a fully sterile activation model, in which both priming and activating stimuli are host derived. In this study, we sought to understand whether sterile versus microbial NLRP3 priming and activating signals trigger similar or distinct macrophage inflammasome-dependent responses, as such information may be important for the design of new drugs to treat inflammatory diseases. We found that the sterile priming signal TNF exhibited weaker and delayed ability to prime for NLRP3 responses as compared to the microbial priming signal, LPS. Likewise, the sterile NLRP3 agonist, ATP, was a less potent activator of macrophage NLRP3 responses than the microbial NLRP3 agonist, nigericin, in both mouse and human macrophages. Thus, sterile signals generate tempered NLRP3 inflammasome responses relative to microbial signals.

MATERIALS AND METHODS
=====================

Mouse and human primary macrophage cell culture
-----------------------------------------------

C57BL/6 and *Ice*^−/−[@bib27]^ mice were housed in specific pathogen-free facilities at the University of Queensland. *Ice*^−/−^ mice were backcrossed at least 10 times to C57BL/6. Buffy coats from healthy human donors were obtained from the Australian Red Cross Blood Service. Peripheral blood mononuclear cells were isolated by density centrifugation using Ficoll-Paque Plus (GE Healthcare, Parramatta, NSW, Australia). CD14+ monocytes were then isolated using magnetic-activated cell sorting CD14+ positive selection (Miltenyi Biotech, Macquarie Park, NSW, Australia), according to the manufacturer\'s instructions. Human and murine macrophages were differentiated from human CD14+ monocytes and murine bone marrow as previously described.^[@bib28]^ The University of Queensland Animal Ethics Committee approved all experimental protocols involving mice, and all studies using primary human cells were approved by the University of Queensland Human Medical Research Ethics Committee.

Murine bone marrow-derived macrophages (BMMs) and human monocyte-derived macrophages (HMDMs) were cultured in RPM1 1640 medium (Life Technologies, Mulgrave, VIC, Australia) supplemented with 10% heat inactivated fetal calf serum, 2 m[m]{.smallcaps} GlutaMAX (Life Technologies), 50 U/ml penicillin--streptomycin (Life Technologies) and 150 ng/ml recombinant human macrophage colony-stimulating factor (endotoxin free, expressed and purified by the University of Queensland Protein Expression Facility).

Inflammasome and pyroptosis assays
----------------------------------

BMMs were seeded at 1 × 10^6^ cells/ml and HMDMs at 0.7 × 10^6^ cells/ml in 96-well plates. Cells were stimulated with 100 ng/ml ultrapure *Escherichia coli* K12 LPS (Invivogen, San Diego, CA, USA), 100 ng/ml endotoxin-free recombinant murine or human TNF-α (Peprotech, Rocky Hill, NJ, USA), 1.25 m[m]{.smallcaps} ATP (Sigma-Aldrich, Sydney, NSW, Australia) and/or 5 μ[m]{.smallcaps} nigericin (Sigma-Aldrich) as indicated. IL-1β levels in cell-free supernatants were analyzed by enzyme-linked immunosorbent assay (ELISA; eBioscience, San Diego, CA, USA). Cytotoxicity was analyzed by lactate dehydrogenase (LDH) release (CytoTox 96 Promega, Alexandria, NSW, Australia).

Western blotting
----------------

Cell lysates (extracts) were prepared by lysis in boiling buffer (66 m[m]{.smallcaps} Tris-Cl pH 7.4, 2% sodium dodecyl sulfate (SDS)). Cell lysates (extracts) and supernatants were subjected to SDS-PAGE, and transferred to nitrocellulose membranes. Primary antibodies used were caspase-1 (Casper-1, Adipogen, San Diego, CA, USA, at 1:1000), NLRP3 (AG-20B-0014, Cryo2, Adipogen at 1:1000), IκBα (4812, clone 44D4, Cell Signaling Technology, Danvers, MA, USA, at 1:1000), IL-1β (AF-401-NA, R&D Systems, Minneapolis, MN, USA, at 1:2000), Tubulin (T5168, clone B-5-1-2, Sigma-Aldrich at 1:2000) and GAPDH (2275-PC, R&D Systems at 1:5000).

Statistical analysis
--------------------

Two-tailed students *t*-tests (paired for human data and unpaired for mouse) were performed using Prism GraphPad software (La Jolla, CA, USA). Data were considered significant when *P*⩽0.05 (\*), 0.005 (\*\*), 0.001 (\*\*\*) or 0.0001 (\*\*\*\*).

RESULTS
=======

Sterile signals 1 and 2 generate weak and delayed NLRP3 inflammasome responses in mouse macrophages
---------------------------------------------------------------------------------------------------

To test whether NLRP3 inflammasome responses to microbial versus sterile signals are distinct, we stimulated wild-type (WT) murine BMMs with a microbial (LPS) or sterile (TNF) signal 1 for 24 or 6 h before, or at the same time as (0 h, 'co-treatment\') signal 2 to mimic chronic versus acute inflammasome priming. The signal 2 used to trigger NLRP3 activation was either microbial (nigericin) or sterile (ATP), and every possible combination of sterile versus microbial signals 1 and 2 were assayed for response ([Figure 1a](#fig1){ref-type="fig"}). Inflammasome activation was monitored 3 h later using well-established experimental readouts. LDH release assay monitored caspase-1-dependent cell death, ELISAs quantified caspase-1-dependent IL-1β secretion, and immunoblotting examined pro-caspase-1 (p46) cleavage and the release of caspase-1 p20 into the culture supernatant. Caspase-1-deficient (*Ice*^−*/*−^) macrophages were assayed in parallel to control for the inflammasome dependency of each response. We observed that acute LPS exposure (co-treatment with signal 2 at 0 h) efficiently primed for inflammasome responses by nigericin and ATP, as measured by cell death and caspase-1 cleavage; pro-IL-1β expression was not induced at this early time and so as anticipated, IL-1β was not secreted under any co-treatment conditions ([Figures 1b--d](#fig1){ref-type="fig"}). By contrast to LPS, when TNF was co-administered with ATP or nigericin, it only weakly primed for caspase-1 cleavage and pyroptosis ([Figures 1b--d](#fig1){ref-type="fig"}). When present chronically (6 or 24 h), both LPS and TNF could prime for NLRP3 responses, but the microbial signal 1 (LPS) primed for cell death, IL-1β secretion and caspase-1 cleavage with much faster and more transient kinetics (peak response at 6 h, [Figures 1e--j](#fig1){ref-type="fig"}) compared with sterile priming with TNF (persistent response between 6 and 24 h, [Figures 1e--j](#fig1){ref-type="fig"}). Together, these data broadly agree and expand on a previous study,^[@bib16]^ and suggest that microbial versus sterile signal 1 stimuli are distinct, at least kinetically, in their ability to prime inflammasome-dependent responses.

The magnitude of responses to microbial versus sterile signals 1 and 2 also showed a hierarchy. With 0 and 6 h priming, cell death, IL-1β secretion and caspase-1 cleavage were much more robust in response to microbial (LPS) than to sterile (TNF) signal 1. Only after 24 h when cells were no longer responsive to microbial (LPS) signal 1, the response to sterile (TNF) priming became dominant ([Figures 1b--j](#fig1){ref-type="fig"}). Consistently, cell death, IL-1β secretion and caspase-1 cleavage were always more robust in response to microbial (nigericin) than to sterile (ATP) signal 2 ([Figures 1b--j](#fig1){ref-type="fig"}) regardless of priming time or the nature of the signal 1. The combination of sterile signals 1 and 2 (TNF+ATP) was the weakest of all the combinations for 0 and 6 h priming time. For 24 h priming (at which time LPS no longer effectively primes), the cell death and caspase-1 cleavage responses to sterile signals (TNF+ATP) were weaker than their counterpart responses to TNF+nigericin. For all experiments, ATP and nigericin concentrations were titrated for maximal NLRP3 responses ([Figures 2a--d](#fig2){ref-type="fig"}), and the most effective dose was used to elicit NLRP3 responses. Together, these data suggest that microbial signal 1 and 2 stimuli generate heightened NLRP3 inflammasome responses as compared to sterile signal 1 and 2 stimuli.

Poor responses to sterile signals cannot be overcome by increasing the concentration of the priming stimulus
------------------------------------------------------------------------------------------------------------

To test whether weak WT BMM responses to sterile signal 1 (TNF) are due to insufficient concentrations of this cytokine, we applied escalating doses up to 800 ng/ml for 6 h, an optimal time at which BMM are responsive to both microbial and sterile signal 1 stimuli ([Figure 1](#fig1){ref-type="fig"}). BMM were also primed with microbial signal 1 (LPS at the supra-maximal dose of 100 ng/ml) for 6 h in parallel. Macrophages were then exposed to microbial (nigericin) or sterile (ATP) signal 2, and inflammasome-induced cell death and caspase-1 cleavage were monitored after 3 h. Increased concentrations of TNF did not improve inflammasome responses, and the microbial (LPS) signal 1 remained superior to sterile (TNF) signal 1 in priming inflammasome responses to either microbial (nigericin, [Figure 2e](#fig2){ref-type="fig"}) or sterile (ATP, [Figure 2f](#fig2){ref-type="fig"}) signal 2 stimuli. This indicates that the poor inflammasome responses generated by sterile signals (TNF and ATP) were not due to insufficient concentration of the priming stimulus.

TNF induces weaker but more sustained NLRP3 and pro-IL-1β induction relative to LPS
-----------------------------------------------------------------------------------

As efficient NLRP3 inflammasome assembly requires upregulated NLRP3 protein expression,^[@bib17]^ and IL-1β maturation requires the induction of pro-IL-1β expression, we next examined NLRP3 and pro-IL-1β regulation by microbial (LPS) versus sterile (TNF) priming signals over a 24 h time course ([Figures 3a and b](#fig3){ref-type="fig"}). Microbial signal 1 (LPS) induced NLRP3 and pro-IL-1β protein expression within 2 h, which further increased until they peaked at 4 h (pro-IL-1β) and 5 h (NLRP3) poststimulation. By 24 h post-LPS, NLRP3 and pro-IL-1β expression had declined to near that of unstimulated cells, likely due to LPS-induced IL-10 that suppresses NLRP3 and pro-IL-1β expression.^[@bib29]^ Sterile signal 1 (TNF) also induced NLRP3 and pro-IL-1β expression within 2 h of stimulation, with NLRP3 expression peaking around 4--5 h post-TNF. However, TNF-induced NLRP3, and particularly TNF-induced pro-IL-1β, expression levels were considerably lower than those induced by LPS. Importantly, NLRP3 and pro-IL-1β levels induced by TNF remained relatively constant, and did not decline even after 24 h of TNF treatment, in contrast to their LPS induction profiles. Thus, the peak expression levels of NLRP3 and pro-IL-1β induced by LPS (high at 2--6 h) and TNF (moderately high for NLRP3 and low for pro-IL-1β at 2--24 h) mirror the extent of inflammasome responses seen with these priming signals in [Figure 1](#fig1){ref-type="fig"}.

Weaker induction of NLRP3 and pro-IL-1β by TNF relative to LPS could be due to a weaker ability of TNF to activate the NF-κB pathway in BMMs. To test this hypothesis, we examined the kinetics of IκBα degradation (used as a proxy for NF-κB pathway activation) by microbial versus sterile-priming stimuli over a 2 h time course. Both LPS and TNF induced IκBα degradation and its resynthesis with similar intensity and kinetics ([Figure 3c](#fig3){ref-type="fig"}). This indicates that the weaker inflammasome responses generated by sterile signal 1 (TNF) were not due to an inability of this signal to fully activate the NF-κB pathway.

NLRP3 responses to sterile signals are also weaker in human macrophages
-----------------------------------------------------------------------

To determine whether the hierarchy of inflammasome responses to microbial and sterile signals that we observed in murine macrophages is conserved in humans, we examined NLRP3 activation by microbial (LPS) or sterile (TNF) signal 1 in combination with microbial (nigericin) or sterile (ATP) signal 2 in HMDMs ([Figure 4](#fig4){ref-type="fig"}). Because we found that 4 to 6 h priming rendered mouse BMMs responsive to both LPS and TNF ([Figure 1](#fig1){ref-type="fig"} and data not shown), we primed HMDM for 4 h with LPS or TNF before activating NLRP3 with nigericin or ATP for 2 h. In contrast to our observations in mouse macrophages, in HMDM NLRP3 induced very little cell death over control levels at this time, and ATP alone was cytotoxic ([Figure 4a](#fig4){ref-type="fig"}). However, the hierarchy of IL-1β release from HMDMs in response to microbial and sterile signal 1 and 2 ([Figure 4b](#fig4){ref-type="fig"}) mirrored that of mouse BMMs ([Figure 1](#fig1){ref-type="fig"}). In HMDMs, NLRP3-dependent IL-1β secretion in response to microbial signal 1 (LPS) and 2 (Nigericin) stimuli was far superior in magnitude to sterile signal 1 (TNF) and 2 (ATP) stimuli in any combination. Consistent with our observations in mouse BMMs, the combination of sterile signal 1 (TNF) and 2 (ATP) was the weakest inducer of IL-1β secretion ([Figure 4b](#fig4){ref-type="fig"}).

DISCUSSION
==========

A key function of the immune system is to maintain the body\'s integrity. If we become infected our immune system fights the infection, and if we injure ourselves it repairs the wound. These two very different processes (defence versus repair) are surprisingly controlled by the same basic cellular machinery, for example, the NLRP3 inflammasome. Mechanisms by which NLRP3 may direct a response that is tailored to the circumstances of its activation are largely unknown. We recently reported one mechanism whereby *in vivo* responses may be tailored according to the NLRP3-activating signal; we found that neutrophils respond to only a subset of NLRP3 agonists, and NLRP3 activation in these cells drives IL-1β production but not IL-18 release.^[@bib30]^ Thus, a subset of NLRP3 agonists may engender an IL-1β-dominated response *in vivo*, through activating neutrophil NLRP3. In the present study, we examined whether the NLRP3 inflammasome drives distinct responses under conditions of microbial infection versus sterile injury using LPS+nigericin and TNF+ATP as model NLRP3-activating stimuli in macrophages. We revealed differences in both the kinetics and magnitude of NLRP3 responses generated by these stimuli in macrophages from mice and humans. We used LPS and TNF as prototypic microbial and sterile signal 1 stimuli, respectively, to prime the NLRP3 pathway in macrophages (for example, to induce the expression of the pathway sensor, NLRP3 and the caspase-1 substrate, pro-IL-1β). We then used the bacterial toxin, nigericin, and ATP, an alarmin released from necrotic cells, as prototypic microbial and sterile signal 2 stimuli, respectively, to trigger the assembly of the NLRP3 inflammasome complex. We found that sterile signals generally produced weaker macrophage NLRP3 inflammasome responses relative to microbial signals. Specifically, NLRP3 inflammasome responses (caspase-1 cleavage, cell death and IL-1β secretion) were weakest when both signal 1 and signal 2 were sterile, and sterile signal 1 (TNF) primed for inflammasome responses with delayed kinetics relative to microbial signal 1 (LPS). Responses were somewhat faster and stronger when at least one of the two signals was microbe derived, and finally, the strongest and fastest response occurred when microbe-derived molecules were used for both signal 1 and signal 2. Together, these data suggest that microbial versus sterile signal 1 stimuli are distinct, both kinetically and in magnitude, in their ability to generate well-established inflammasome responses. This makes intuitive sense, as it should be a priority for the immune system to respond most rapidly and most robustly to the presence of infection to limit pathogen dissemination, even if such response comes at a cost to the surrounding tissue. Conversely, wound-healing responses are expected to be tempered and delayed, less urgent and indeed may only be appropriate when injury signals are present chronically. The differences in inflammasome responses to sterile versus microbial signals we observed ([Figure 1](#fig1){ref-type="fig"}) are broadly consistent with previous studies^[@bib16],\ [@bib17]^ that first identified TNF as a sterile priming signal for the NLRP3 inflammasome.

The mechanisms underlying the tempered inflammasome response to sterile signal 1 are unknown. One potential explanation could be the different ability of microbial and sterile signal 1 to induce the inflammasome sensor NLRP3 ([Figure 3](#fig3){ref-type="fig"}). Because macrophages always express some NLRP3 protein, inflammasomes can be activated upon acute LPS priming through mechanisms independent of NLRP3 upregulation^[@bib31]^ ([Figure 1](#fig1){ref-type="fig"}), but increased expression of NLRP3 is largely responsible for the ability of LPS to prime over longer times.^[@bib17]^ We found that NLRP3 expression was upregulated by signal 1 of both host and microbial origin. However, NLRP3 upregulation by TNF was weaker and more persistent than LPS-mediated NLRP3 upregulation ([Figure 3](#fig3){ref-type="fig"}). This might explain both the lower magnitude and longer duration of the inflammasome response to sterile (TNF) relative to microbial (LPS) signal 1. In addition, differences in signaling pathways triggered by LPS and TNF are likely to also have a role, particularly in acute priming.^[@bib32],\ [@bib33]^ The reasons behind the different responses to sterile (ATP) versus microbial (nigericin) signal 2 are currently unclear because both are thought to activate the inflammasome pathway via common downstream mediator (that is, by inducing K+ efflux from the cell^[@bib5]^). One possibility is that heterogeneous expression of the P2X7R among macrophages supports NLRP3 signaling in only a subset of cells within the population.

Inflammasome-induced cell death was recently reported to depend on Gasdermin D cleavage by inflammatory caspases.^[@bib34],\ [@bib35],\ [@bib36]^ In the canonical NLRP3 inflammasome pathway, Gasdermin D is processed by caspase-1.^[@bib34],\ [@bib35],\ [@bib36]^ It is not known whether sterile and microbial signals differ in their ability to prime for, or induce, processing of Gasdermin D. However, as we have shown that such signals trigger distinct kinetics and magnitude of caspase-1 activation and pyroptosis, we would predict that the extent of Gasdermin D cleavage will also differ between sterile and microbial stimuli, but this remains to be tested. Although the hierarchy of NLRP3 responses to sterile versus microbial signals was conserved between human and mouse macrophages, interestingly, cell death responses in human macrophages appeared diminished relative to their murine counterparts. Whether this phenomenon reflects intra-species differences in the efficiency of caspase-1-dependent Gasdermin D cleavage or pyroptosis execution is currently unknown.

Collectively, our data suggest that the responses elicited by the macrophage NLRP3 inflammasome pathway are distinct, depending on the nature of the activating signal (microbial product versus host-derived mediator that mimics sterile tissue injury). This is mechanistically unexpected, as responses to both stimuli are mediated by the same signaling complex (the NLRP3 inflammasome), but it makes biological sense, as these stimuli should trigger distinct types of immune responses (that is, antimicrobial versus tissue repair). Whether the quality of inflammasome-dependent responses to sterile damage is also different from the quality of responses generated to microbial infection is currently unknown. This will be fertile ground for future research elucidating inflammasome-dependent functional programs dedicated to resolving these two fundamentally different pathologies.
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![Sterile signals generate weak and delayed inflammasome responses in mouse macrophages. (**a**) Experimental outline for data **b**--**j**: WT and *Ice*^−/−^ BMMs were left untreated or stimulated with signal 1 (100 ng/ml LPS or 100 ng/ml TNF) for 24, 4--6 or 0 h (that is, signal 1 added immediately before signal 2), followed by signal 2 (1.25 m[m]{.smallcaps} ATP or 5 μ[m]{.smallcaps} nigericin) for 3 h. XTs and cell-free SNs were collected. Cell death was assessed by LDH assay, and ELISA measured IL-1β release. Caspase-1 levels in XT and release of cleaved p20 caspase-1 fragment into the SN were measured by immunoblot. GAPDH was used as a loading control. BMMs were stimulated with signal 1 for (**b**--**d)** 1 min, (**e**--**g**) 4--6 h or (**h**--**j**) 24 h before signal 2. Histograms are mean+s.e.m. of data pooled from *n*=3 (**b**, **c**) or *n*=4 (**e**, **f**, **h**, **i**) independent experiments. Representative immunoblots of *n*=3 (**d**) and *n*=4 (**g**, **j**) independent experiments are shown. BMM, bone marrow-derived macrophages; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; SN, supernatant; TNF, tumor necrosis factor; WT, wild type; XT, cell extract.](cmi201611f1){#fig1}

![Poor responses to sterile signals are not due to insufficient priming stimulus dose. (**a**--**d**) WT and *Ice*^−/−^ BMMs were left untreated ('--\') or were stimulated with 100 ng/ml LPS for 6 h followed by escalating doses of ATP (5--0.3 m[m]{.smallcaps} in **a**, **b**) or nigericin (20--1.25 μM in **c**, **d**) for 3 h. Cell death was assessed by LDH release assay (**a**, **c**) and IL-1β release was measured by ELISA (**b**, **d**). Histograms are mean+s.e.m. of data pooled from *n*=4 (**a**, **b**) and mean+range from *n*=2 (**c**, **d**) independent experiments. (**e**, **f**) WT and *Ice*^−/−^ BMMs were left untreated ('--\') or were stimulated with 100 ng/ml LPS or 800--100 ng/ml TNF for 6 h followed by 5 μM nigericin (**e**), or 1.25 m[m]{.smallcaps} ATP (**f**), for 3 h. Cell death was assessed by LDH release assay (upper), and caspase-1 cleavage was measured by immunoblot, relative to a GAPDH loading control (lower). Histograms are mean+s.e.m. of data pooled from *n*=3 independent experiments. Immunoblots representative of *n*=3 independent experiments are shown. BMM, bone marrow-derived macrophages; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; TNF, tumor necrosis factor; WT, wild type.](cmi201611f2){#fig2}

![Relative to LPS, TNF induces weak and delayed expression of NLRP3 and pro-IL-1β. (**a**, **b**) WT BMMs were left untreated ('--\') or were stimulated with signal 1 (100 ng/ml LPS or 100 ng/ml TNF) over a 24 h time course. NLRP3 (**a**) and pro IL-1β (**b**) levels relative to GAPDH (**a**) or tubulin (**b**) (loading control) were measured by immunoblot. Data are representative of *n*=3 independent experiments. (**c**) WT BMMs were left untreated ('--\') or were stimulated with signal 1 (100 ng/ml LPS or 100 ng/ml TNF) over a 2 h time course. Degradation of IκBα relative to GAPDH (loading control) was measured by immunoblot. Data are representative of *n*=4 independent experiments. BMM, bone marrow-derived macrophages; IL, interleukin; LPS, lipopolysaccharide; TNF, tumor necrosis factor; WT, wild type.](cmi201611f3){#fig3}

![Sterile signals are weak activators of NLRP3 inflammasome responses in human macrophages. (**a, b**) HMDMs were left untreated ('--\') or were stimulated with 100 ng/ml LPS or 100 ng/ml TNF for 4 h followed by 1.25 m[m]{.smallcaps} ATP or 5 μ[m]{.smallcaps} nigericin for 2 h. Cell death was assessed by LDH assay (**a**), and ELISA quantified IL-1β release (**b**). Histograms are mean+s.e.m. of data pooled from *n*=8 experiments with cells prepared from independent donors. ELISA, enzyme-linked immunosorbent assay; HMDM, human monocyte-derived macrophage; IL, interleukin; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; TNF, tumor necrosis factor.](cmi201611f4){#fig4}
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